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Abstract: The gut microbiota is central to the pathogenesis of several inflammatory and autoimmune
diseases. While multiple mechanisms are involved, the immune system clearly plays a special role.
Indeed, the breakdown of the physiological balance in gut microbial composition leads to dysbiosis,
which is then able to enhance inflammation and to influence gene expression. At the same time,
there is an intense cross-talk between the microbiota and the immunological niche in the intestinal
mucosa. These interactions may pave the way to the development, growth and spreading of cancer,
especially in the gastro-intestinal system. Here, we review the changes in microbiota composition,
how they relate to the immunological imbalance, influencing the onset of different types of cancer
and the impact of these mechanisms on the efficacy of traditional and upcoming cancer treatments.
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1. Introduction
Mounting evidence has conclusively established that the gut microbiota is involved in the
pathogenesis of several medical conditions, such as inflammatory [1,2], liver [3,4], pancreatic [5],
and pulmonary diseases [6], neurological [7] and skin disorders [8], and cancer [9–11].
Gut microbiota comprises all of the microorganisms residing in the human intestine,
including bacteria, viruses, fungi, archea and protozoa. It contains more than 1000 different bacterial
species, over 100 times more than the total number of host cells [12].
Germ-free mice models have shown that the gut microbiota plays some pivotal functions in the
development and modulation of several organs and systems, such as the immune and endocrine
system, blood, liver and lungs [13]. In the intestine, gut microbiota is able to maintain epithelial
homeostasis to support the development of gut associated lymphoid tissue (GALT). Microbiota also
enhances epithelial cytokine production, which regulates the action of T and B lymphocytes,
macrophages and polimorphs [14,15]. Cytokines, such as interleukin (IL)-1β, tumor necrosis factor
(TNF)-α, IL-2, IL-6, IL-15, IL-21, IL-23, can determine an inflammatory response, while others, such as
IL-10 and transforming growth factor (TGF)-β, have anti-inflammatory effect. The balance between
these two classes is responsible for the overall inflamed or homeostatic status of the gut [16].
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In a healthy state, there is a perfect balance between gut microbiota and immune system at gut
interface [17]. The breakdown of this physiological balance in microbial composition precipitates a
pathological state known as ‘gut dysbiosis’, contributing to the overgrowth of pathogen bacteria in the
intestinal lumen. Dysbiosis is considered a common effector in the different pathogenetic pathways
involved in several human diseases [18–20]. Many factors, such as age, hormonal perturbations,
diet composition and supplement intake, antibiotic therapies, lifestyle and physical activity exert
an impact on gut microbiome and equilibrium [21,22]. Dysbiosis can also be a consequence of an
inflammatory status: In genetically susceptible patients, dietary compounds, toxins and antibiotics
can start a low-grade inflammation, leading to dysbiosis. In patients suffering from IBD, for example,
high calorie and high fat diets, typical of the western world, have been shown to determine a worsening
of the inflammatory status of the gut [23].
There appears to be a bidirectional relationship between host immunity and gut microbiota.
On one hand, the development of host immunity is mediated by microbiota but, on the other hand,
the microbiota itself is constantly modulated by host immunity. This permanent cross-talk between
mucosal immunity and gut microbiota is responsible, for example, for the anergy of host immune cells
against its own antigens and dietary ones. In fact, microbiota-driven dendritic cells (DC), particularly
the CD103+ subset, can induce expression of a subset of T cells with regulatory functions (T-regs)
and their related anti-inflammatory cytokines. As well, B-regulatory cells (B-regs) take part in this
process, suppressing effector T cells and contributing to the overall process of immune tolerance to
food antigens [24].
Here, we review the complex interaction between immune system and microbiota at the gut
‘immunological niche’ interface and its role in development, growth and spreading of different types
of gastro-intestinal cancers.
2. Immune System and Cancer
Cancer and the immune system are inextricably linked. A similar strong interaction between
gut microbiota and innate and adaptive immunity has also been established. A complex network of
cytokines regulates the interplay between bacteria, viruses, parasites and fungi and mucosal immune
cells [12] (Figure 1).
Toll like receptors (TLRs) are a component of innate immunity. They are germline-encoded
type I transmembrane receptors, expressed on epithelial cells (e.g., intestinal cells) and on various
immune system-related cells (e.g., T-lymphocytes, macrophages and dendritic cells, DCs). TLRs serve
as pathogen recognition receptors (PRRs) and recognize pathogen-associated molecular patterns
(PAMPs) that are specific and essential for microbes [25]. Among the different TLRs, TLR3 and TLR4
are able to activate both the transcription nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-κB) and the interferon regulatory factor 3 (IRF3) that induces interferon-beta (IFN-beta)
production [26]. Many others TLRs also lead to the activation of mitogen-activated protein (MAP)
kinases p38. This, in turn, increases the expression of many pro-inflammatory genes, via adaptor
molecules, such as Myeloid differentiation primary response gene 88 (MyD88), which is able to recruit
IRAKs (IL-1R-associated kinase family). The activation of MAP3 kinases follows and determines the
activation of NF-κB, c-Jun N-terminal kinase (JNK) and MAP kinases p38.
Studies on MyD88-deficient mice have documented that TLRs’ response to PAMPs of commensal
bacteria plays a fundamental role in epithelial cell homeostasis [27], induction of antimicrobial
peptides [28,29], and in the modulation of the adaptive immune response [30,31]. In contrast,
bacteria-activated TLRs may mediate inflammation and carcinogenesis. Indeed, cancer cells present
high expression of TLRs [32], while, MyD88-deficient mice are less prone to develop tumors [33].
In this respect, several recent studies [34,35] have pointed towards a tumor promoting function, due to
the activation of pro-oncogenic Ras by JNK signaling. This inhibits apoptosis and enhances expression
of metallo-proteinases [36].
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Figure 1. The complex interplay among gut lumen environment, mucosal barrier, immunological 
niche in oncogenesis. The failure of maintaining homeostatic equilibrium between commensals and 
pathogens at gut lumen level leads to dysbiosis. The bacterial products enhance the gut permeability 
leading to bacterial and toxins translocation. Toll-like receptors (TLRs) expressed on activated 
dendritic cells (aDC) are able to recognize pathogen-associated molecular patterns (PAMPs) and can 
activate the NF-κB, JNK and p38 mitogen-activated protein kinases. JNK promotes the activation of 
pro-oncogenic Ras. Other receptors situated on several types of immune cells are represented by 
nucleotide-binding oligomerization domain-like receptors (NLRs), which are pattern recognition 
receptors (PRRs) that can activate NF-κB and promote inflammasomes. Other carcinogenetic agents, 
like nitrous compounds and secondary bile acids, can act respectively as alkylating mediators or via 
reactive oxygen species at a DNA level. Furthermore, high doses of butyrate inhibit histone 
deacetylase (HDAC) that is able to inactivate many oncogenic signaling pathways. The presence of 
pro-inflammatory T-cells can induce pro-inflammatory cytokines at tumor site. The concomitant 
action of T-regs creates a state of immunosuppression at tumor level. 
In the 1800s, Virchow described for the first time a large number of lymphocytes (lymphocytes 
infiltrating tumor or TILs), present at the tumor site [37]. Based on this observation, he hypothesized 
a role of the immune system in cancer development, growth and spreading. 
Only many years later, thanks to technological advances, it was possible to isolate TILs and CD8+ 
cytotoxic T-lymphocytes (CTLs) from peripheral blood in neoplastic patients. CD8+ CTLs play a 
pivotal role against cancer because they are able to kill malignant cells upon recognition by T-cell 
receptor (TCR) of specific antigenic peptides present on the surface of target cells [16]. The existence 
of a tumor-specific CTLs response was further supported by the identification of tumor-associated 
antigens (TAA) and by the detection of TAA-specific CD8+ T-cells in spontaneously regressing 
tumors. Moreover, it has been recently demonstrated that, in colorectal cancer, TILs are 
predominantly CD4+ T cells and produce pro-inflammatory cytokines, such as IFNγ and IL-17. On 
the other hand, there is also a subset of CD4+ cells producing IL-4, which appear to favor Th2 
phenotype, which seems to favor oncogenesis [38]. Another subset of immune cells presents itself at 
tumor a site in longer surviving neoplastic patients and is represented by natural killers (NK). These 
cells are able to trigger tumor apoptosis and inhibit cell proliferation [39]. 
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cells (aDC) are able to recognize pathogen-associated molecular patterns (PAMPs) and can activate the
NF-κB, JNK and p38 mitogen-activated protein kinases. JNK promotes the activation of pro-oncogenic
Ras. Other receptors situated on several types of immune cells are represented by nucleotide-binding
oligomerization domain-like receptors (NLRs), which are pattern recognition receptors (PRRs) that can
activate NF-κB and promote inflammasomes. Other carcinogenetic agents, like nitrous compounds
and secondary bile acids, can act respectively as alkylating mediators or via reactive oxygen species
at a DNA level. Furthermore, high doses of butyrate inhibit histone deacetylase (HDAC) that is
able to inactivate many oncogenic signaling pathways. The presence of pro-inflammatory T-cells can
induce pro-inflammatory cytokines at tumor site. The concomitant action of T-regs creates a state of
immunosuppression at tumor level.
In the 1800s, Virchow described for the first time a large number of lymphocytes (lymphocytes
infiltrating tumor or TILs), present at the tumor site [37]. Based on this observation, he hypothesized
a role of the immune system in cancer development, growth and spreading.
Only many years later, thanks to technological advances, it was possible to isolate TILs and CD8+
cytotoxic T-lymphocytes (CTLs) from peripheral blood in neoplastic patients. CD8+ CTLs play a
pivotal role against cancer because they are able to kill malignant cells upon recognition by T-cell
receptor (TCR) of specific antigenic peptides present on the surface of target cells [16]. The existence
of a tumor-specific CTLs response was further supported by the identification of tumor-associated
antigens (TAA) and by the detection of TAA-specific CD8+ T-cells in spontaneously regressing tumors.
Moreover, it has been recently demonstrated that, in colorectal cancer, TILs are predominantly CD4+ T
cells and produce pro-inflammatory cytokines, such as IFNγ and IL-17. On the other hand, there is also
a subset of CD4+ cells producing IL-4, which appear to favor Th2 phenotype, which seems to favor
oncogenesis [38]. Another subset of immune cells presents itself at tumor a site in longer surviving
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neoplastic patients and is represented by natural killers (NK). These cells are able to trigger tumor
apoptosis and inhibit cell proliferation [39].
On the other hand, many studies have shown that at the site of the tumor there is an overall
immunosuppressed state. Such condition is obtained by cancer cells themselves through the
production of immunosuppressive factors (e.g., TGF-β) and/or by recruiting regulatory immune
cells with immunosuppressive functions (e.g., T regulatory cells, T-regs). The prevalence of T-regs
and the prognosis of tumors are inversely correlated [40]. T-regs modulate tumor-specific effector
T-lymphocytes by producing immunosuppressive cytokines, such as IL-10 and TGF-β, consuming IL-2
or expressing the inhibitory molecule cytotoxic T-lymphocyte associated protein 4 (CTLA-4 or CD 152).
T-regs can also inhibit the proliferation of pro-inflammatory subsets of CD4+-T lymphocytes (T-helper
or Th) and stimulate B lymphocytes to produce specific immunoglobulins. Th17 and signal transducer
and activator of transcription 3 (STAT3) have been implicated in carcinogenesis of various human
systems [41,42] by increasing cell proliferation and inhibiting apoptosis [16,43,44]. Th17 produces
pro-inflammatory cytokines, such as IL-17 and IL-23 that promote tumor growth [45]. Moreover, Th17
can induce production of Th1-related pro-inflammatory cytokines, chemokine (C-X-C motif) ligand
9 and 10 (CXCL9 and CXCL10), at the tumor site. Th17 cells have similar characteristics to stem cells
and are able to renew themselves and, at the same time, they can stimulate the production of Th1-like
effectors. The cytokinic environment present at the tumor site influences the different patterns of
expression of Th17 cells: In colorectal, hepatocellular and pancreatic cancers, Th17 is associated to a
worse prognosis, as it favors immune tolerance towards the tumor, while in ovarian cancer it improves
patients’ life expectancy [40,46]. In cancer patients, T cells, persistently stimulated by tumor antigens,
tend to lose their ability to express cytokines or attack target cells. This phenomenon is known as T-cell
exhaustion and is probably the most common mechanism of immune escape [47]. When such condition
ensues, the tumor is able to continue growing regardless of the initial immune response [48,49].
3. The Role of Gut Microbiota in Cancer
A growing body of evidence supports the notion that gut microbiota is able to interfere both with
cancer development and with response to anti-cancer therapies (Table 1).
Gut microbiota can generate signaling molecules and microbial products, which are potentially
toxic for the intestinal mucosal surface [15]. These products increase gut permeability to foreign
antigens [5], and a leaky gut facilitates carcinogenesis, mainly, by enhancing inflammation and by
influencing gene expression [32]. There is evidence, for example, that the quantity and quality of gut
microbial species changes in genetically-predisposed individuals and/or in individuals affected by
pre-neoplastic inflammatory disorders [50]. Furthermore, a gut dysbiosis has been documented in
association to several tumors. On the other hand, germ-free animal models display a noteworthy
reduced cancer incidence and this seems related to the absence of gut dysbiosis and mucosal
inflammation [51].
Another important mechanism through which microbiota exerts an anti-neoplastic action is
through dietary fibers. Dietary fibers are not metabolized and represent the substrate of saccharolytic
fermentation with production of short/chain fatty acids (SCFAs), such as butyrate, propionate
and acetate. SCFAs are able to suppress inflammation and expression of pro-carcinogenics and
to downregulate tumor growth [52,53]. Lactobacilli and bifidobacteria maintain homeostasis in the
gastrointestinal tract [54] and are the principal actors in the fiber fermentation process [55].
Yet, SCFAs are able to bind other bacterial metabolites, like secondary bile acids, that can promote
and/or enhance the inflammation, oxidative DNA damage and subsequent carcinogenesis [56] and
cancer growth. The different effects of butyrate are determined by its concentration. When present in
large quantities, it is able to inhibit cancer cell proliferation, independently from the Warburg effect,
through inhibition of histone deacetylase (HDAC), that is able to inactivate many oncogenic signaling
pathways [15] and lower doses of butyrate are, instead, capable of inducing histone acetylation and
not act as a HDAC inhibitor. Humphreys et al. [57] have demonstrated that butyrate supplementation
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reduces the level of pro-oncogenic miRNA, such as miR-17-92, in rectal biopsies. Moreover, it promotes
the expression of TLR4, MAPK and NF-κB phosphorylation [58]. Butyrate is also linked to the capability
to promote the T-regs proliferation and has an immune-modulating role [59,60], overall leading
to some controversy on its effect [15]. Other data suggest that colonic cell response to SCFAs
may be determined by the expression of caspase and peroxisome proliferator-activated receptor
γ (PPARγ), implying that interactions between gut microbiota and the host are heavily influenced by
the individual’s genetics [61].
Microbiota and host genetics undergo a complex cross-talk, which determines for example that
patients with a genetic predisposition may more easily face dysbiosis and have fewer SCFAs-producing
bacteria [62].
Gut microbiota composition varies largely with age, lifestyle and lifelong dietary intake but it
also modified by medications, especially antimicrobials [63]. The relation between use of antibiotics
and development of cancer remains quite controversial. In fact, in an experimental murine model,
antibiotics have been shown to arrest tumor progression [32]. On the contrary, recent data lends
support to the hypothesis that repeated antibiotic use leads to alteration in microbiota composition,
with subsequent pro-carcinogenetic modifications [64] in the gut, mostly pancreas and intestine,
but also elsewhere. Penicillin use, in particular, appears to be a risk factor for the insurgence of
esophagus, stomach and pancreas malignancies [65].
4. Esophageal and Stomach Cancer
The microbiota of the esophagus is more similar to the oral microbiota than to the intestinal
one. In physiological conditions, the esophageal microbial population is characterized by Firmicutes,
Bacteroides, Actinobacteria, Proteobacteria, Fusobacteria and TM7 and is dominated by the genus
Streptococcus. Instead, in patients with gastro-esophageal reflux and Barrett esophagus, for example,
there is a higher presence of Bacteroides, Proteobacteria and Fusobacterium, and an overall increased
diversity, finally resembling more the stomach microbiome [66].
Helicobacter pylori (Hp) is considered a class 1 human carcinogen for gastric adenocarcinoma [67].
In gastric samples and in the serum of mice with Hp associated gastric cancer, there are increased levels
of IL-1, IL-17 and TNF-α, highlighting an enhanced Th17 response [40]. Hp has also been associated to
low grade gastric mucosa associated lymphoid tissue (MALT) lymphoma and it seems that treating
Hp in patients with a MALT lymphoma can determine a remission of the lymphoma itself [68,69].
Bacterial overgrowth is typically present in gastric tumors not Hp-related [70]. In these patients the
continuous cross-talk between different species, particularly Pasteurella stomatis, Dialister pneumosintes,
Slakia exigua, Parvimonas micra and Streptococcus anginosus, probably plays a key role in disease
progression [71]. Surprisingly, Hp exerts a protective action in esophageal cancer [69]. Although not
conclusively explained, this protection could be due to the reduced gastric acid secretion it induces [72].
In general, patients suffering from esophageal and gastric cancer present higher amount of T-regs
compared to healthy subjects, especially among patients at advanced stage of disease or with the
worst prognosis [73,74]. A recent study has shown that Enterobacteriaceae, in particular Ruminococcus,
are significantly higher in patients with stomach cancer [56], and it could represent the initial trigger
for the altered immunologic status in these patients.
5. Colorectal Cancer
Chen et al. have reported that an imbalance in gut microbiota composition is associated with
colorectal cancer [75].
For example, Lactobacillaceae decrease in number in colon cancer patients, while they increase
after anti-neoplastic treatment [56]. Indeed, Lactobacilli have been shown to block the growth of colon
carcinoma [76]. Bifidobacteriaceae are also reduced in patients with rectal tumor and this could lead
to a reduced folate synthesis, possibly favoring chromosomal instability. In addition, Bifidobacterium
exerts a competitive action against pathogens and regulate immune system cells [77].
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The pathogens that appear to be primarily involved in the pathogenesis of colorectal cancer [78]
are Streptococcus bovis (S. bovis) [79], Hp [80], Bacteroides fragilis (B. fragilis) [81], Enterococcus faecalis
(E. faecalis) [82], Clostridium septicum (C. septicum) [83], Fusobacterium spp. [84] and Escherichia coli
(E. coli) [85]. Some of these bacteria have a direct carcinogenic effect. This is true for Hp or for some
strains of Escherichia coli that produce colibactin, a genotoxin implicated in the onset of colorectal
cancer [86]. Other microbial species act in more subtle ways. Enterotoxigenic B. fragilis, for example,
appears to play a role in the development of colorectal carcinoma through immune-modulation via
Th17. On the other hand, B. fragilis can determine metaplasia through the STAT-3 pathway and the
strain that produces the B. fragilis toxin (BFT) activates the WNT and NF-κB signaling pathways,
leading to a chronic inflammatory status [87,88]. S. bovis increases the tumors capacity of immunologic
escape but it also creates a symbiotic relationship with neoplastic cells, favoring their growth [89].
The role of E. faecalis in cancerogenesis is ambiguous: On the one hand it reportedly increases in
patients with colorectal cancer [90] and causes an inflammatory status that benefits the tumor through
production of ROS, which has a damaging effect on the DNA [91]. On the other hand, it has recently
been suggested that the association between colorectal cancer and E. faecalis is prevalently due to
an altered intestinal environment in patients with colorectal cancer. In this scenario, E. faecalis may
benefit from an already compromised situation, which allows it to grow undisturbed and uncontrolled,
determining an increased virulence, which can further damage the epithelial tissue [92].
Overall, gut dysbiosis acts as a colorectal cancer promoter through a series of mechanisms,
which involve immune-modulation, toxins production, metabolic activities and increased oxidative
stress and inflammation in the intestinal environment [78].
6. Hepatocellular Carcinoma
The liver does not have its own microbiome and is influenced by gut microbiota metabolites
through the entero-hepatic circulation [93].
Although it cannot be formally described as liver microbiota, there are microbial species capable
to colonize it, most specifically hepatotropic viruses, such as hepatitis B virus (HBV) and hepatitis C
virus (HCV). Such viruses increase considerably the risk of developing hepatocellular carcinoma [94].
At least part of this increased risk is explained by a direct action on liver cells through epigenetic
mechanisms. HBV modifies methylation on p16 (INK4A), glutathione S-transferase P 1 (GSTP1),
CDH1 (E-cadherin), Ras association domain containing protein 1 (RASSF1A), p21 (WAF1/CIP1) genes,
while HCV alters methylation on suppressor of cytokine signaling 1 (SOCS-1), growth arrest and
damage inducible beta (Gadd45β), O6-alkylguaniline DNA alkyltransferase (MGMT), STAT1 and
antigen presenting cells (APC). As well, effects on histone proteins, chromatin, and noncoding RNAs
have been described [95]. In addition, HCV is a well-known immune-modulator; in murine models,
for example, it increases FAS-mediated apoptosis of T lymphocytes [96]. At the same time, both HCV
and HBV appear to determine gut dysbiosis, that contributes to disease progression [97].
Hepatocellular carcinoma is often a late evolution of a chronic liver disease. Certain gut microbial
species seem to either facilitate or slow down such process [98,99]. Bacteria belonging to the Helicobacter
spp (pylori and hepaticus, in particular) have been linked to an increased risk of liver cancer. There appear
to be various mechanisms through which H. hepaticus is able to determine a carcinogenic effect. Not only
it can directly damage DNA, activating the WNT and NF-κB signaling pathways in tumor cells, but it
also appears to be able to suppress intra-tumor immunity in aflatoxin- and hepatitis C virus-induced
HCC [100,101]. Escherichia coli has also been linked to the development of hepatocellular carcinoma;
cirrhotic patients who developed a hepatocellular carcinoma have a microbiome enriched with E. coli,
when compared to those who did not develop the tumor [102].
It is noteworthy that a leaky gut increases the number of toxins and bacteria potentially reaching
the liver. The related state of chronic inflammation can promote non-alcoholic liver disease and fibrosis
and could trigger the development of tumors [103]. For example, in obese patients the microbiota is
characterized by an increase in Firmicutes/Bacteroidetes ratio and by an overall reduction of the number
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of bacterial species [104,105]. This dysbiosis favors fat storage, leading to a fatty liver and a metabolic
syndrome, both established risk factors for hepatocellular carcinoma [106,107].
One of the most studied risk factors for hepatocellular carcinoma is alcohol consumption.
Alcohol has a direct toxicity on the liver, but it also has important effects on gut microbiome [108].
Some studies even suggest that restoring and maintaining a normal eubiosis is able to, at least,
slow down the progression of alcohol-related liver disease [109]. Yet, evidence is still scarce and
further investigations are necessary. On the other hand, Lactobacillus species, Bifidobacterium species,
Parabacteroides species, and Oscillibacter species, appear to have a protective effect on the liver,
through their immune-modulating properties [110].
7. Pancreatic Cancer
Pancreatic adenocarcinoma remains one of the most lethal tumors overall. Several reports have
proposed a pathogenetic role of Helicobacter pylori in pancreatic cancer [111]. Helicobacter seems to
activate the NF-κB pathway and its lipopolysaccharide triggers KRAS gene mutation, which is present
in 90% of pancreatic adenocarcinomas [112–114]. As well, Hp may enhance the activator of signal
transducer and activator of transcription3 (STAT3) implicated in carcinogenesis through its capacity
to promote cellular proliferation and, conversely, inhibit apoptosis [115,116]. Despite this supportive
evidence, a recent meta-analysis, based on prospective epidemiologic studies, has not documented a
strong association between Hp infection and pancreatic cancer [117].
As for the liver, the pancreas does not have its own microbiota. As such, it is foreseeable that the
pancreas is influenced by the gut and oral microbiota [118].
In colon samples of patients with pancreatic carcinoma, for example, Youssef et al. have
found reduced levels of Lactobacilli and Parabacteroides [56]. These species have a proven anticancer
function, as they reduce TLR4 signaling pathway [119]. Moreover, levels of Lactobacilli are restored
after anticancer treatment. Another study has linked pancreatic adenocarcinomas to decreased gut
microbiota diversity, caused by an increase of LPS-producing bacteria and a decrease of both alpha
diversity and butyrate-producing bacteria [63].
Geller et al. found increased levels of Enterobacteriaceae, Pseudomonadaceae, Moraxellaceae
and Enterococcaceae in pancreatic cancer tissue [120]. Furthermore, Mei et al. studying the
duodenal microbiota of patients with pancreatic cancer identified mostly Acinetobacter, Aquabacterium,
Oceanobacillus, Rahnella, Massilia, Delftia, Deinococcus, and Sphingobium, while healthy controls harbored
Porphyromonas, Escherichia, Shigella and Pseudomonas [111].
More recently, pancreatic cancer has been associated to a particular salivary microbiota.
The presence of periodontal pathogens, such as Porphyromonas gingivalis (strain ATCC 53978) has been
associated with an increased risk of pancreatic cancer, while the opposite is true for the presence of
Neisseria elongate and Streptococcus mitis [121]. Furthermore, Gammaproteobacteria have been linked to
pancreatic cancer and when transferred to mice, these bacteria induced gemcitabine resistance [122].
8. The Role of Microbiota in Cancer Therapy
The ability of gut microbiota to modulate the response to cancer chemotherapy and
immunotherapy has been first observed in mice [123]. Recently, evidence has emerged revealing
that certain clusters of gut microbiota may be related to chemotherapy outcome in several human
epithelial solid tumors, such as lung and renal carcinomas, and melanoma [123]. The effects of
microbiota on cancer treatment are unlikely due to a single specie but rather to changes in the ecology
and metabolism of gut microbiota impacting cancer immunity altogether [124].
Patients who undergo chemotherapy have a higher risk of developing a leaky gut as a direct
consequence of chemotherapy itself [125]. Leaky gut and dysbiosis appear to decrease the efficacy
of platinum compounds [126]. As well, the effect of other anti-neoplastic agents is modified by gut
microbiota composition. Mycoplasma hyorhinis and cytidine-deaminase-positive Proteobacteria are able
to metabolize and modify gemcitabine, impairing its anti-tumor action and such effect is reversed with
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antibiotic therapy [120,127]. Likewise, the action of cyclophosfamide is influenced by gut microbiota
composition. Bacterial translocation creates an inflamed environment that promotes IFN-γ-producing
γδ-T-cells migration in the tumor area [128].
Microbiota appears to also modulate the response to radiotherapy as germ free mice are less
susceptible to the toxicity of radiation than conventionally raised mice [126]. Gut microbiota might
influence the outcomes of cancer patients who are treated surgically with effects ranging from altered
wound healing to permanent dysbiosis, to selection of resistant and virulent microbial species [129].
Anti-neoplastic immunotherapies have been successfully used in melanoma and aim at
activating and expanding tumor-specific CTLs, with the goal of destroying primary cancer cells and
metastases [130]. The most promising current cancer immunotherapies, utilized not only in melanoma
but in several solid epithelial tumors, act on immune checkpoint molecules anti-programmed death
1 (PD-1) and anti-CTLA-4 immunotherapies. PD-1 is an immuno-inhibitory lymphocyte receptor
involved in the maintenance of peripheral tolerance to self. The interaction of PD-1 with its ligands,
above all PD-L1 (CD274), causes the inhibition of CD8+T cell proliferation, survival and effector
functions, and induces the CD4+ to Foxp3 T-cell differentiation increasing immune tolerance. CTLA-4,
on the other hand, binds to CD80 or CD86 expressed on the surface of T-lymphocytes, and it causes a
state of anergy in these cells. Some tumors (e.g., melanoma, prostate, kidney, lung) have the capacity
to stimulate the exhaustion and anergy pathways, which is the main cause of immunologic escape
capacity of these malignancies [131]. The PD-1/PD-L1 and the CTLA-4/B7 blockade has been shown
to at least partly reverse immune alterations that determine T-cells exhaustion and anergy [132].
Even though these therapies are extremely promising, not all patients respond and some even
experience severe side effects [133]. One of the main suspects of the very high variability in patient
response is gut microbiome [134]. Marinelli et al. [135] have suggested that different bacterial species
are involved in patients’ response to immunotherapy. In this respect, germ free mice, for example,
are not able to respond to CTLA-4 blockage [136].
Another aspect that needs to be considered is host genetics, which is an important element
in determining whether the patient will respond or not to immunotherapy. Patients with a
genetically determined T-cell impairment, for example, do not respond well to immunotherapies [137].
Polymorphysms of TLR4 are linked to different outcomes in patients with breast tumors, while other
immune-related loci (e.g., TNF-α, NF-κB, Janus kinases (JAK)/STAT proteins, Fc receptors FcγRIII
(CD16), nucleotide-binding oligomerization domain-containing protein 2 (NOD2), autophagy related
protein 16 (ATG16) and inflammasome pathway proteins) have also been linked to differences in the
response to immunotherapy against cancer. Overall, the immune status of the host proves to be the
primary factor in determining the response to all anti-neoplastic therapies, both directly and also
indirectly through alterations of the gut microbiota [138].
Immunotherapy can increase potentially dangerous bacterial species. Most specifically, it appears
to increase the number of Clostridiales, and to decrease the number of Bacteroidales and Burkholderiales,
which play a pivotal role in a correct response to therapy. Another central role played by gut microbiota
is in the modulation of side effects from immunotherapy. For example, the presence of Bacteroidetes
phylum appears to have a protective effect against checkpoint-blockade-induced colitis [139].
Overall, CTLA-4 blockage requires the presence of specific bacteria to work, while anti-PD-1 drugs
appear to interact only partially with gut microbiota [140].
9. Conclusions
A healthy gut microbiota is fundamental in maintaining homeostasis in the immune system,
which is also key in cancer development and response. Still, the full extent of the actions of gut
microbiota is not yet completely understood. As we have reported in our review, there are both
immune-modulated and direct effects it plays in carcinogenesis of the gastro intestinal tract, not only
in districts such as the intestine, but also in the liver and the pancreas, which are not directly colonized
by the various microbial species. While some microbial species promote a healthy gut and the correct
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development of the various components of the immune system, others are even capable of determining
malignancies. The importance of gut microbiota has also been demonstrated in the response to therapy,
as the metabolic pathways it favors or suppresses can severely affect patients’ outcomes. Many studies
underline the importance of microbiota in modulating different drugs’ effects and, in some cases, being
necessary for the chemotherapy agent to have any effect whatsoever. Therapeutic strategies such as
surgery and radiotherapy are also influenced by the presence of a healthy gut microbiota.
Overall, modulating the gut microbiota could be beneficial not only for those patients who have
cancer, but also as a preventive strategy in the general population. Gut microbiota is a key player in
many different diseases and could be targeted specifically in each patient through a precision medicine
approach, so to maximize individual benefit, choosing the best therapeutic strategy and taking into
account host and tumor characteristics [141].
Table 1. An overview on the most studied gut microbioma species involved in GI cancer.
Site Effect Mechanism References
Neisseria elongate Oral ↓↓↓ pancreatic tumor Promotes oral homeostasis. [121]
Streptococcus















Th17 pathway; promoting factor for
dysbiosis; not clear protective
properties in esophageal tumor.
[67,80,97,111,142]
Helicobacter
hepaticus Liver ↑↑↑ liver tumor
Directly damages DNA, through
WNT and NF-κB signaling
pathways in tumor cells; suppresses
intra-tumor immunity in aflatoxin-
and hepatitis C virus-induced HCC.
[97,100,101]
Streptococcus
bovis Intestine ↑↑↑ colorectal tumor
Immune-modulating effect;
symbiotic relation with tumor cells. [79,89]
Bacteroidesfragilis Intestine ↑↑↑ progressioncolorectal tumor
Immune-modulating effect through
TH17 pathway; promotion of WNT,
NF-κB and STS-3 pathways; direct
effect of BFT toxin.
[87,88,134,143]
Enterococcus
faecalis Intestine ↑↑↑ colorectal tumor
Inflammatory effect through ROS




septicum Intestine ↑↑↑ colorectal tumor
Inflammatory effect; increases risk






Esophageal dysbiosis marker. [66,84,144]
Escherichia coli Intestine,pancreas





























↓↓↓↓malignancies Promotes gut homeostasis;anti-inflammatory effects. [55]
Int. J. Mol. Sci. 2019, 20, 501 10 of 16
Author Contributions: R.C., L.F., G.G., G.C. conceived, planned and wrote the review. G.S., E.R., G.I., G.T., A.G.
critically revised the manuscript.
Funding: This research received no external funding.
Conflicts of Interest: The authors declare that there is no conflict of interest regarding the publication of this paper.
References
1. Cammarota, G.; Ianiro, G.; Cianci, R.; Bibbo, S.; Gasbarrini, A.; Curro, D. The involvement of gut microbiota
in inflammatory bowel disease pathogenesis: Potential for therapy. Pharmacol. Ther. 2015, 149, 191–212.
[CrossRef] [PubMed]
2. Lopetuso, L.R.; Petito, V.; Graziani, C.; Schiavoni, E.; Paroni Sterbini, F.; Poscia, A.; Gaetani, E.; Franceschi, F.;
Cammarota, G.; Sanguinetti, M.; et al. Gut Microbiota in Health, Diverticular Disease, Irritable Bowel
Syndrome, and Inflammatory Bowel Diseases: Time for Microbial Marker of Gastrointestinal Disorders.
Dig. Dis. 2018, 36, 56–65. [CrossRef] [PubMed]
3. Bibbo, S.; Ianiro, G.; Dore, M.P.; Simonelli, C.; Newton, E.E.; Cammarota, G. Gut Microbiota as a Driver
of Inflammation in Nonalcoholic Fatty Liver Disease. Mediat. Inflamm. 2018, 2018, 9321643. [CrossRef]
[PubMed]
4. Targher, G.; Lonardo, A.; Byrne, C.D. Nonalcoholic fatty liver disease and chronic vascular complications of
diabetes mellitus. Nat. Reviews. Endocrinol. 2018, 14, 99–114. [CrossRef]
5. Pagliari, D.; Saviano, A.; Newton, E.E.; Serricchio, M.L.; Dal Lago, A.A.; Gasbarrini, A.; Cianci, R. Gut
Microbiota-Immune System Crosstalk and Pancreatic Disorders. Mediat. Inflamm. 2018, 2018, 7946431.
[CrossRef] [PubMed]
6. Pragman, A.A.; Lyu, T.; Baller, J.A.; Gould, T.J.; Kelly, R.F.; Reilly, C.S.; Isaacson, R.E.; Wendt, C.H. The
lung tissue microbiota of mild and moderate chronic obstructive pulmonary disease. Microbiome 2018, 6, 7.
[CrossRef] [PubMed]
7. Cox, L.M.; Weiner, H.L. Microbiota Signaling Pathways that Influence Neurologic Disease. Neurother. J. Am.
Soc. Exp. Neurother. 2018, 15, 135–145. [CrossRef]
8. Abdallah, F.; Mijouin, L.; Pichon, C. Skin Immune Landscape: Inside and Outside the Organism. Mediat.
Inflamm. 2017, 2017, 5095293. [CrossRef]
9. York, A. Microbiome: Gut microbiota sways response to cancer immunotherapy. Nat. Reviews. Microbiol.
2018. [CrossRef]
10. Mao, Q.; Jiang, F.; Yin, R.; Wang, J.; Xia, W.; Dong, G.; Ma, W.; Yang, Y.; Xu, L.; Hu, J. Interplay between the
lung microbiome and lung cancer. Cancer Lett. 2018, 415, 40–48. [CrossRef]
11. Fan, X.; Alekseyenko, A.V.; Wu, J.; Peters, B.A.; Jacobs, E.J.; Gapstur, S.M.; Purdue, M.P.; Abnet, C.C.;
Stolzenberg-Solomon, R.; Miller, G.; et al. Human oral microbiome and prospective risk for pancreatic cancer:
A population-based nested case-control study. Gut 2018, 67, 120–127. [CrossRef] [PubMed]
12. Pagliari, D.; Gambassi, G.; Piccirillo, C.A.; Cianci, R. The Intricate Link among Gut “Immunological Niche,”
Microbiota, and Xenobiotics in Intestinal Pathology. Mediat. Inflamm. 2017, 2017, 8390595. [CrossRef]
[PubMed]
13. Al-Asmakh, M.; Zadjali, F. Use of Germ-Free Animal Models in Microbiota-Related Research. J. Microbiol.
Biotechnol. 2015, 25, 1583–1588. [CrossRef] [PubMed]
14. Geem, D.; Medina-Contreras, O.; McBride, M.; Newberry, R.D.; Koni, P.A.; Denning, T.L. Specific
microbiota-induced intestinal Th17 differentiation requires MHC class II but not GALT and mesenteric
lymph nodes. J. Immunol. 2014, 193, 431–438. [CrossRef] [PubMed]
15. Yoon, K.; Kim, N. The Effect of Microbiota on Colon Carcinogenesis. J. Cancer Prev. 2018, 23, 117–125.
[CrossRef] [PubMed]
16. Cianci, R.; Pagliari, D.; Pietroni, V.; Landolfi, R.; Pandolfi, F. Tissue infiltrating lymphocytes: The role of
cytokines in their growth and differentiation. J. Biol. Regul. Homeost. Agents 2010, 24, 239–249. [PubMed]
17. Pagliari, D.; Piccirillo, C.A.; Larbi, A.; Cianci, R. The Interactions between Innate Immunity and Microbiota
in Gastrointestinal Diseases. J. Immunol. Res. 2015, 2015, 898297. [CrossRef] [PubMed]
18. de Oliveira, G.L.V.; Leite, A.Z.; Higuchi, B.S.; Gonzaga, M.I.; Mariano, V.S. Intestinal dysbiosis and probiotic
applications in autoimmune diseases. Immunology 2017, 152, 1–12. [CrossRef]
Int. J. Mol. Sci. 2019, 20, 501 11 of 16
19. Weiss, G.A.; Hennet, T. Mechanisms and consequences of intestinal dysbiosis. Cell. Mol. Life Sci. 2017, 74, 2959–2977.
[CrossRef]
20. Zeng, M.Y.; Inohara, N.; Nunez, G. Mechanisms of inflammation-driven bacterial dysbiosis in the gut.
Mucosal Immunol. 2017, 10, 18–26. [CrossRef]
21. Mondot, S.; de Wouters, T.; Dore, J.; Lepage, P. The human gut microbiome and its dysfunctions. Dig. Dis.
2013, 31, 278–285. [CrossRef]
22. Tetel, M.J.; de Vries, G.J.; Melcangi, R.C.; Panzica, G.; O’Mahony, S.M. Steroids, Stress, and the Gut
Microbiome-Brain Axis. J. Neuroendocrinol. 2017. [CrossRef] [PubMed]
23. Reddavide, R.; Rotolo, O.; Caruso, M.G.; Stasi, E.; Notarnicola, M.; Miraglia, C.; Nouvenne, A.; Meschi, T.;
De’ Angelis, G.L.; Di Mario, F.; et al. The role of diet in the prevention and treatment of Inflammatory Bowel
Diseases. Acta Bio-Med. Atenei Parm. 2018, 89, 60–75. [CrossRef]
24. Satitsuksanoa, P.; Jansen, K.; Globinska, A.; van de Veen, W.; Akdis, M. Regulatory Immune Mechanisms in
Tolerance to Food Allergy. Front. Immunol. 2018, 9, 2939. [CrossRef] [PubMed]
25. Janeway, C.A., Jr. The immune system evolved to discriminate infectious nonself from noninfectious self.
Immunol. Today 1992, 13, 11–16. [CrossRef]
26. Kobe, B.; Deisenhofer, J. A structural basis of the interactions between leucine-rich repeats and protein
ligands. Nature 1995, 374, 183–186. [CrossRef] [PubMed]
27. Rakoff-Nahoum, S.; Paglino, J.; Eslami-Varzaneh, F.; Edberg, S.; Medzhitov, R. Recognition of commensal
microflora by toll-like receptors is required for intestinal homeostasis. Cell 2004, 118, 229–241. [CrossRef]
28. Vaishnava, S.; Behrendt, C.L.; Ismail, A.S.; Eckmann, L.; Hooper, L.V. Paneth cells directly sense gut
commensals and maintain homeostasis at the intestinal host-microbial interface. Proc. Natl. Acad. Sci. USA
2008, 105, 20858–20863. [CrossRef] [PubMed]
29. Menendez, A.; Willing, B.P.; Montero, M.; Wlodarska, M.; So, C.C.; Bhinder, G.; Vallance, B.A.; Finlay, B.B.
Bacterial stimulation of the TLR-MyD88 pathway modulates the homeostatic expression of ileal Paneth cell
alpha-defensins. J. Innate Immun. 2013, 5, 39–49. [CrossRef] [PubMed]
30. Schnare, M.; Barton, G.M.; Holt, A.C.; Takeda, K.; Akira, S.; Medzhitov, R. Toll-like receptors control
activation of adaptive immune responses. Nat. Immunol. 2001, 2, 947–950. [CrossRef] [PubMed]
31. Medzhitov, R.; Preston-Hurlburt, P.; Kopp, E.; Stadlen, A.; Chen, C.; Ghosh, S.; Janeway, C.A., Jr. MyD88 is an
adaptor protein in the hToll/IL-1 receptor family signaling pathways. Mol. Cell 1998, 2, 253–258. [CrossRef]
32. Schwabe, R.F.; Jobin, C. The microbiome and cancer. Nat. Rev. Cancer 2013, 13, 800–812. [CrossRef] [PubMed]
33. Rakoff-Nahoum, S.; Medzhitov, R. Regulation of spontaneous intestinal tumorigenesis through the adaptor
protein MyD88. Science 2007, 317, 124–127. [CrossRef] [PubMed]
34. Apidianakis, Y.; Pitsouli, C.; Perrimon, N.; Rahme, L. Synergy between bacterial infection and genetic
predisposition in intestinal dysplasia. Proc. Natl. Acad. Sci. USA 2009, 106, 20883–20888. [CrossRef]
[PubMed]
35. Dzutsev, A.; Goldszmid, R.S.; Viaud, S.; Zitvogel, L.; Trinchieri, G. The role of the microbiota in inflammation,
carcinogenesis, and cancer therapy. Eur. J. Immunol. 2015, 45, 17–31. [CrossRef] [PubMed]
36. von Frieling, J.; Fink, C.; Hamm, J.; Klischies, K.; Forster, M.; Bosch, T.C.G.; Roeder, T.; Rosenstiel, P.;
Sommer, F. Grow With the Challenge—Microbial Effects on Epithelial Proliferation, Carcinogenesis, and
Cancer Therapy. Front. Microbiol. 2018, 9, 2020. [CrossRef] [PubMed]
37. Balkwill, F.; Mantovani, A. Inflammation and cancer: Back to Virchow? Lancet 2001, 357, 539–545. [CrossRef]
38. Niccolai, E.; Ricci, F.; Russo, E.; Nannini, G.; Emmi, G.; Taddei, A.; Ringressi, M.N.; Melli, F.; Miloeva, M.;
Cianchi, F.; et al. The Different Functional Distribution of “Not Effector” T Cells (Treg/Tnull) in Colorectal
Cancer. Front. Immunol. 2017, 8, 1900. [CrossRef] [PubMed]
39. Zhang, M.; Wen, B.; Anton, O.M.; Yao, Z.; Dubois, S.; Ju, W.; Sato, N.; DiLillo, D.J.; Bamford, R.N.; Ravetch, J.V.
IL-15 enhanced antibody-dependent cellular cytotoxicity mediated by NK cells and macrophages. Proc. Natl.
Acad. Sci. USA 2018. [CrossRef] [PubMed]
40. Pandolfi, F.; Cianci, R.; Pagliari, D.; Landolfi, R.; Cammarota, G. Cellular mediators of inflammation: Tregs
and TH17 cells in gastrointestinal diseases. Mediat. Inflamm. 2009, 2009, 132028. [CrossRef]
41. Shahmarvand, N.; Nagy, A.; Shahryari, J.; Ohgami, R.S. Mutations in the signal transducer and activator of
transcription family of genes in cancer. Cancer Sci. 2018, 109, 926–933. [CrossRef] [PubMed]
42. Hurtado, C.G.; Wan, F.; Housseau, F.; Sears, C.L. Roles for Interleukin 17 and Adaptive Immunity in
Pathogenesis of Colorectal Cancer. Gastroenterology 2018. [CrossRef] [PubMed]
Int. J. Mol. Sci. 2019, 20, 501 12 of 16
43. Francescone, R.; Hou, V.; Grivennikov, S.I. Microbiome, inflammation, and cancer. Cancer J. 2014, 20, 181–189.
[CrossRef] [PubMed]
44. Pandolfi, F.; Cianci, R.; Pagliari, D.; Casciano, F.; Bagala, C.; Astone, A.; Landolfi, R.; Barone, C. The immune
response to tumors as a tool toward immunotherapy. Clin. Dev. Immunol. 2011, 2011, 894704. [CrossRef]
[PubMed]
45. Kryczek, I.; Wei, S.; Szeliga, W.; Vatan, L.; Zou, W. Endogenous IL-17 contributes to reduced tumor growth
and metastasis. Blood 2009, 114, 357–359. [CrossRef] [PubMed]
46. Johnson, M.O.; Wolf, M.M.; Madden, M.Z.; Andrejeva, G.; Sugiura, A.; Contreras, D.C.; Maseda, D.;
Liberti, M.V.; Paz, K.; Kishton, R.J.; et al. Distinct Regulation of Th17 and Th1 Cell Differentiation by
Glutaminase-Dependent Metabolism. Cell 2018, 175, 1780–1795. [CrossRef] [PubMed]
47. McCaw, T.R.; Li, M.; Starenki, D.; Cooper, S.J. The expression of MHC class II molecules on murine breast
tumors delays T-cell exhaustion, expands the T-cell repertoire, and slows tumor growth. Cancer Immunol.
Immunother. 2018. [CrossRef] [PubMed]
48. Wherry, E.J. T cell exhaustion. Nat. Immunol. 2011, 12, 492–499. [CrossRef] [PubMed]
49. Gupta, P.K.; Godec, J.; Wolski, D.; Adland, E.; Yates, K.; Pauken, K.E.; Cosgrove, C.; Ledderose, C.;
Junger, W.G.; Robson, S.C.; et al. CD39 Expression Identifies Terminally Exhausted CD8+ T Cells. PLoS Pathog.
2015, 11, e1005177. [CrossRef]
50. Bhatt, A.P.; Redinbo, M.R.; Bultman, S.J. The role of the microbiome in cancer development and therapy.
A Cancer J. Clin. 2017, 67, 326–344. [CrossRef]
51. Vannucci, L.; Stepankova, R.; Kozakova, H.; Fiserova, A.; Rossmann, P.; Tlaskalova-Hogenova, H. Colorectal
carcinogenesis in germ-free and conventionally reared rats: Different intestinal environments affect the
systemic immunity. Int. J. Oncol. 2008, 32, 609–617. [CrossRef] [PubMed]
52. Louis, P.; Hold, G.L.; Flint, H.J. The gut microbiota, bacterial metabolites and colorectal cancer. Nat. Rev.
Microbiol. 2014, 12, 661–672. [CrossRef] [PubMed]
53. O’Keefe, S.J.; Li, J.V.; Lahti, L. Fat, fibre and cancer risk in African Americans and rural Africans. Nat. Commun.
2015, 6, 6342. [CrossRef] [PubMed]
54. Zou, S.; Fang, L.; Lee, M.H. Dysbiosis of gut microbiota in promoting the development of colorectal cancer.
Gastroenterol. Rep. 2018, 6, 1–12. [CrossRef] [PubMed]
55. Brownawell, A.M.; Caers, W.; Gibson, G.R.; Kendall, C.W.; Lewis, K.D.; Ringel, Y.; Slavin, J.L. Prebiotics and
the health benefits of fiber: Current regulatory status, future research, and goals. J. Nutr. 2012, 142, 962–974.
[CrossRef] [PubMed]
56. Youssef, O.; Lahti, L.; Kokkola, A.; Karla, T.; Tikkanen, M.; Ehsan, H.; Carpelan-Holmstrom, M.;
Koskensalo, S.; Bohling, T.; Rautelin, H.; et al. Stool Microbiota Composition Differs in Patients with
Stomach, Colon, and Rectal Neoplasms. Dig. Dis. Sci. 2018. [CrossRef] [PubMed]
57. Humphreys, K.J.; Cobiac, L.; Le Leu, R.K.; Van der Hoek, M.B.; Michael, M.Z. Histone deacetylase
inhibition in colorectal cancer cells reveals competing roles for members of the oncogenic miR-17-92 cluster.
Mol. Carcinog. 2013, 52, 459–474. [CrossRef] [PubMed]
58. Xiao, T.; Wu, S.; Yan, C.; Zhao, C.; Jin, H.; Yan, N.; Xu, J.; Wu, Y.; Li, C.; Shao, Q.; et al. Butyrate upregulates
the TLR4 expression and the phosphorylation of MAPKs and NK-kappaB in colon cancer cell in vitro. Oncol.
Lett. 2018, 16, 4439–4447. [CrossRef]
59. Furusawa, Y.; Obata, Y.; Fukuda, S.; Endo, T.A.; Nakato, G.; Takahashi, D.; Nakanishi, Y.; Uetake, C.; Kato, K.;
Kato, T.; et al. Commensal microbe-derived butyrate induces the differentiation of colonic regulatory T cells.
Nature 2013, 504, 446–450. [CrossRef]
60. Chen, J.; Vitetta, L. Inflammation-Modulating Effect of Butyrate in the Prevention of Colon Cancer by Dietary
Fiber. Clin. Colorectal Cancer 2018, 17, e541–e544. [CrossRef]
61. Tylichova, Z.; Strakova, N.; Vondracek, J.; Vaculova, A.H.; Kozubik, A.; Hofmanova, J. Activation of autophagy
and PPARgamma protect colon cancer cells against apoptosis induced by interactive effects of butyrate and
DHA in a cell type-dependent manner: The role of cell differentiation. J. Nutr. Biochem. 2017, 39, 145–155.
[CrossRef] [PubMed]
62. Chu, H. Host gene-microbiome interactions: Molecular mechanisms in inflammatory bowel disease.
Genome Med. 2017, 9, 69. [CrossRef] [PubMed]
Int. J. Mol. Sci. 2019, 20, 501 13 of 16
63. Rea, D.; Coppola, G.; Palma, G.; Barbieri, A.; Luciano, A.; Del Prete, P.; Rossetti, S.; Berretta, M.; Facchini, G.;
Perdona, S.; et al. Microbiota effects on cancer: From risks to therapies. Oncotarget 2018, 9, 17915–17927.
[CrossRef] [PubMed]
64. Ianiro, G.; Tilg, H.; Gasbarrini, A. Antibiotics as deep modulators of gut microbiota: Between good and evil.
Gut 2016, 65, 1906–1915. [CrossRef] [PubMed]
65. Boursi, B.; Mamtani, R.; Haynes, K.; Yang, Y.X. Recurrent antibiotic exposure may promote cancer
formation—Another step in understanding the role of the human microbiota? Eur. J. Cancer 2015, 51, 2655–2664.
[CrossRef] [PubMed]
66. Yang, L.; Chaudhary, N.; Baghdadi, J.; Pei, Z. Microbiome in reflux disorders and esophageal adenocarcinoma.
Cancer J. 2014, 20, 207–210. [CrossRef] [PubMed]
67. Vogiatzi, P.; Cassone, M.; Luzzi, I.; Lucchetti, C.; Otvos, L., Jr.; Giordano, A. Helicobacter pylori as a class I
carcinogen: Physiopathology and management strategies. J. Cell. Biochem. 2007, 102, 264–273. [CrossRef]
[PubMed]
68. Begum, S.; Sano, T.; Endo, H.; Kawamata, H.; Urakami, Y. Mucosal change of the stomach with low-grade
mucosa-associated lymphoid tissue lymphoma after eradication of Helicobacter pylori: Follow-up study of
48 cases. J. Med Investig. 2000, 47, 36–46.
69. Cammarota, G.; Fedeli, P.; Bianchi, A.; Cianci, R.; Martino, A.; Fedeli, G.; Gasbarrini, G. Regression of EI2-stage
low-grade gastric MALT-lymphoma after H. pylori eradication. Hepato-Gastroenterol. 2005, 52, 975–977.
70. Wang, L.; Zhou, J.; Xin, Y.; Geng, C.; Tian, Z.; Yu, X.; Dong, Q. Bacterial overgrowth and diversification of
microbiota in gastric cancer. Eur. J. Gastroenterol. Hepatol. 2016, 28, 261–266. [CrossRef] [PubMed]
71. Coker, O.O.; Dai, Z.; Nie, Y.; Zhao, G.; Cao, L.; Nakatsu, G.; Wu, W.K.; Wong, S.H.; Chen, Z.; Sung, J.J.Y.; et al.
Mucosal microbiome dysbiosis in gastric carcinogenesis. Gut 2018, 67, 1024–1032. [CrossRef] [PubMed]
72. Rubenstein, J.H.; Inadomi, J.M.; Scheiman, J.; Schoenfeld, P.; Appelman, H.; Zhang, M.; Metko, V.; Kao, J.Y.
Association between Helicobacter pylori and Barrett’s esophagus, erosive esophagitis, and gastroesophageal
reflux symptoms. Clin. Gastroenterol. Hepatol. Off. Clin. Pract. J. Am. Gastroenterol. Assoc. 2014, 12, 239–245.
[CrossRef] [PubMed]
73. Kono, K.; Kawaida, H.; Takahashi, A.; Sugai, H.; Mimura, K.; Miyagawa, N.; Omata, H.; Fujii, H.
CD4(+)CD25high regulatory T cells increase with tumor stage in patients with gastric and esophageal
cancers. Cancer Immunol. Immunother. Cii 2006, 55, 1064–1071. [CrossRef] [PubMed]
74. Ichihara, F.; Kono, K.; Takahashi, A.; Kawaida, H.; Sugai, H.; Fujii, H. Increased populations of regulatory T
cells in peripheral blood and tumor-infiltrating lymphocytes in patients with gastric and esophageal cancers.
Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2003, 9, 4404–4408.
75. Chen, J.; Domingue, J.C.; Sears, C.L. Microbiota dysbiosis in select human cancers: Evidence of association
and causality. Semin. Immunol. 2017, 32, 25–34. [CrossRef] [PubMed]
76. Chen, G.Y. The Role of the Gut Microbiome in Colorectal Cancer. Clin. Colon Rectal Surg. 2018, 31, 192–198.
[CrossRef] [PubMed]
77. O’Callaghan, A.; van Sinderen, D. Bifidobacteria and Their Role as Members of the Human Gut Microbiota.
Front. Microbiol. 2016, 7, 925. [CrossRef] [PubMed]
78. Gagnière, J.; Raisch, J.; Veziant, J.; Barnich, N.; Bonnet, R.; Buc, E.; Bringer, M.-A.; Pezet, D.; Bonnet, M. Gut
microbiota imbalance and colorectal cancer. World J. Gastroenterol. 2016, 22, 501–518. [CrossRef] [PubMed]
79. Klein, R.S.; Recco, R.A.; Catalano, M.T.; Edberg, S.C.; Casey, J.I.; Steigbigel, N.H. Association of Streptococcus
bovis with carcinoma of the colon. N. Engl. J. Med. 1977, 297, 800–802. [CrossRef] [PubMed]
80. Zumkeller, N.; Brenner, H.; Zwahlen, M.; Rothenbacher, D. Helicobacter pylori infection and colorectal
cancer risk: A meta-analysis. Helicobacter 2006, 11, 75–80. [CrossRef] [PubMed]
81. Housseau, F.; Sears, C.L. Enterotoxigenic Bacteroides fragilis (ETBF)-mediated colitis in Min (Apc+/−) mice: A
human commensal-based murine model of colon carcinogenesis. Cell Cycle 2010, 9, 3–5. [CrossRef] [PubMed]
82. Balamurugan, R.; Rajendiran, E.; George, S.; Samuel, G.V.; Ramakrishna, B.S. Real-time polymerase chain
reaction quantification of specific butyrate-producing bacteria, Desulfovibrio and Enterococcus faecalis in
the feces of patients with colorectal cancer. J. Gastroenterol. Hepatol. 2008, 23, 1298–1303. [CrossRef] [PubMed]
83. Kwong, T.N.Y.; Wang, X.; Nakatsu, G.; Chow, T.C.; Tipoe, T.; Dai, R.Z.W.; Tsoi, K.K.K.; Wong, M.C.S.; Tse, G.;
Chan, M.T.V.; et al. Association Between Bacteremia From Specific Microbes and Subsequent Diagnosis of
Colorectal Cancer. Gastroenterology 2018, 155, 383–390.e388. [CrossRef] [PubMed]
Int. J. Mol. Sci. 2019, 20, 501 14 of 16
84. Kostic, A.D.; Chun, E.; Robertson, L.; Glickman, J.N.; Gallini, C.A.; Michaud, M.; Clancy, T.E.; Chung, D.C.;
Lochhead, P.; Hold, G.L.; et al. Fusobacterium nucleatum potentiates intestinal tumorigenesis and modulates
the tumor-immune microenvironment. Cell Host Microbe 2013, 14, 207–215. [CrossRef] [PubMed]
85. Khan, A.A.; Khan, Z.; Malik, A.; Kalam, M.A.; Cash, P.; Ashraf, M.T.; Alshamsan, A. Colorectal
cancer-inflammatory bowel disease nexus and felony of Escherichia coli. Life Sci. 2017, 180, 60–67. [CrossRef]
[PubMed]
86. Arthur, J.C.; Perez-Chanona, E.; Muhlbauer, M.; Tomkovich, S.; Uronis, J.M.; Fan, T.J.; Campbell, B.J.;
Abujamel, T.; Dogan, B.; Rogers, A.B.; et al. Intestinal inflammation targets cancer-inducing activity of the
microbiota. Science 2012, 338, 120–123. [CrossRef] [PubMed]
87. Sears, C.L. Enterotoxigenic Bacteroides fragilis: A rogue among symbiotes. Clin. Microbiol. Rev. 2009, 22, 349–369.
[CrossRef] [PubMed]
88. Wu, S.; Rhee, K.J.; Albesiano, E.; Rabizadeh, S.; Wu, X.; Yen, H.R.; Huso, D.L.; Brancati, F.L.; Wick, E.;
McAllister, F.; et al. A human colonic commensal promotes colon tumorigenesis via activation of T helper
type 17 T cell responses. Nat. Med. 2009, 15, 1016–1022. [CrossRef]
89. Boleij, A.; Tjalsma, H. The itinerary of Streptococcus gallolyticus infection in patients with colonic malignant
disease. Lancet Infect. Dis. 2013, 13, 719–724. [CrossRef]
90. Zhou, Y.; He, H.; Xu, H.; Li, Y.; Li, Z.; Du, Y.; He, J.; Zhou, Y.; Wang, H.; Nie, Y. Association of oncogenic
bacteria with colorectal cancer in South China. Oncotarget 2016, 7, 80794–80802. [CrossRef]
91. Tjalsma, H.; Boleij, A.; Marchesi, J.R.; Dutilh, B.E. A bacterial driver-passenger model for colorectal cancer:
Beyond the usual suspects. Nat. Rev. Microbiol. 2012, 10, 575–582. [CrossRef] [PubMed]
92. de Almeida, C.V.; Taddei, A.; Amedei, A. The controversial role of Enterococcus faecalis in colorectal cancer.
Ther. Adv. Gastroenterol. 2018, 11. [CrossRef] [PubMed]
93. Adolph, T.E.; Grander, C.; Moschen, A.R.; Tilg, H. Liver-Microbiome Axis in Health and Disease.
Trends Immunol. 2018, 39, 712–723. [CrossRef] [PubMed]
94. Akram, N.; Imran, M.; Noreen, M.; Ahmed, F.; Atif, M.; Fatima, Z.; Bilal Waqar, A. Oncogenic Role of Tumor
Viruses in Humans. Viral Immunol. 2017, 30, 20–27. [CrossRef] [PubMed]
95. Rongrui, L.; Na, H.; Zongfang, L.; Fanpu, J.; Shiwen, J. Epigenetic mechanism involved in the
HBV/HCV-related hepatocellular carcinoma tumorigenesis. Curr. Pharm. Des. 2014, 20, 1715–1725.
[CrossRef] [PubMed]
96. Hahn, C.S.; Cho, Y.G.; Kang, B.S.; Lester, I.M.; Hahn, Y.S. The HCV core protein acts as a positive regulator of
fas-mediated apoptosis in a human lymphoblastoid T cell line. Virology 2000, 276, 127–137. [CrossRef] [PubMed]
97. Fox, J.G.; Feng, Y.; Theve, E.J.; Raczynski, A.R.; Fiala, J.L.; Doernte, A.L.; Williams, M.; McFaline, J.L.;
Essigmann, J.M.; Schauer, D.B.; et al. Gut microbes define liver cancer risk in mice exposed to chemical and
viral transgenic hepatocarcinogens. Gut 2010, 59, 88–97. [CrossRef] [PubMed]
98. Yu, L.X.; Schwabe, R.F. The gut microbiome and liver cancer: Mechanisms and clinical translation. Nat. Rev.
Gastroenterol. Hepatol. 2017, 14, 527–539. [CrossRef]
99. Mima, K.; Nakagawa, S.; Sawayama, H.; Ishimoto, T.; Imai, K.; Iwatsuki, M.; Hashimoto, D.; Baba, Y.;
Yamashita, Y.I.; Yoshida, N.; et al. The microbiome and hepatobiliary-pancreatic cancers. Cancer Lett.
2017, 402, 9–15. [CrossRef]
100. Krüttgen, A.; Horz, H.-P.; Weber-Heynemann, J.; Vucur, M.; Trautwein, C.; Haase, G.; Luedde, T.;
Roderburg, C. Study on the association of helicobacter species with viral hepatitis-induced hepatocellular
carcinoma. Gut Microbes 2012, 3, 228–233. [CrossRef]
101. Sandler, N.G.; Koh, C.; Roque, A.; Eccleston, J.L.; Siegel, R.B.; Demino, M.; Kleiner, D.E.; Deeks, S.G.;
Liang, T.J.; Heller, T.; et al. Host response to translocated microbial products predicts outcomes of patients
with HBV or HCV infection. Gastroenterology 2011, 141, 1220–1230. [CrossRef] [PubMed]
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